Abstract -We describe the design, fabrication and results of passivated contacts to n-type silicon utilizing thin SiO 2 and indium tin oxide. High-temperature silicon dioxide is grown on both surfaces on an n-type Si wafer to a thickness <50 Å, followed by deposition of tin-doped indium oxide (ITO) and a patterned metal contacting layer. As deposited, the thin-film stack has a very high recombination parameter, J 0,contact , and a non-ohmic, high contact resistance. However, after a forming gas anneal, the passivation quality and the contact resistivity improve significantly. The contacts are characterized by measuring the recombination parameter current density of the contact (J 0,contact ) and the specific contact resistivity (ρ contact ) using a transmission line method (TLM) pattern. The best ITO/SiO 2 passivated contact in this study has J 0,contact = 93.5 fA/cm 2 and ρ contact = 11.5 mOhm-cm 2 . These values are placed in context with other passivating contacts using an analysis that determines the ultimate efficiency and the optimal area fraction for contacts for a given set of (J 0,contact , ρ contact ) values. The ITO/SiO 2 contacts are found to have a higher J 0,contact , but a similar ρ contact compared to the best reported passivated contacts.
I. INTRODUCTION
The need for low-recombination, passivated contacts for high-efficiency solar cells increases as the bulk lifetimes in Si wafers increase. Contacts can be characterized by their ability to passivate the surface of the Si wafer through their recombination current prefactor (J 0,contact ) and by their contact resistivity (ρ contact ). As other recombination pathways are reduced, these two contact parameters can greatly influence the efficiency of the device and set the optimum contact area fraction coverage. One of the best examples of a passivated contact solar cell is the Si/a-Si/ITO heterojunction device which obtained an impressive V oc of 750 mV due to extremely low recombination at the passivated contacts [1] . Recently Si/SiO 2 /polycrystalline silicon (pc-Si) passivating contacts have also given excellent results [2, 3] . Si/a-Si/ITO contacts have very low J 0,contact ~5 fA/cm 2 , but relatively high contact resistivity ρ contact ~0.3 ohm-cm 2 which usually limits them to unity contact area fractions to avoid high series resistance. The Si/SiO 2 /pc-Si contacts have very good J 0,contact ~ 9 fA/cm 2 and low ρ contact ~10 mOhm-cm 2 allowing contact area fractions less than one. Some of the drawbacks of the Si/a-Si/ITO contacts are the parasitic optical absorption loss in the doped a-Si layers, a narrow processing window including temperatures < 250 ˚C, and the need for ultra-clean wafer surfaces before the deposition of the a-Si layer. This contact has proven to be difficult to reproduce between laboratories. The Si/SiO 2 /pc-Si contact of Feldmann et al. [2] . also has excellent passivation, but requires a high-temperature anneal (~850 ˚C) for optimum performance. This paper explores the use of a thin silicon oxide layer and a transparent conducting oxide (TCO) contact layer to form a passivated contact to ntype silicon. The thin silicon oxide layer provides good chemical passivation, yet allows electrons in the silicon to tunnel to available energy states in the TCO. Holes, on the other hand, are rejected from entering the ITO from the Si wafer, due to the large valence band offset between those two materials. Therefore, this is an electron-selective contact with little or no transport energy barrier which could enable high efficiency solar cells. Fig. 1 shows the band alignments, bandgaps and Fermi level positions for the Si/SiO 2 /ITO contact discussed here. The diagram was constructed using measured carrier densities (from Hall effect data) and a density-of-states effective mass value for degenerate ITO along with measured work function values [4, 5] . Though the conduction band minimum levels do not align between the Si and ITO, the Fermi levels do align when the ITO is heavily degenerate. The figure also illustrates that transport of electrons between the Si and the ITO is favorable, but transport of holes is not, due to a large valence band offset. These band alignments should make the contacts selective to electrons due to the lack of available receiving states for minority carriers tunneling across the thin silicon oxide. The advantages of these band-offset, carrier-selective contacts are three fold: 1) Band offsets provide majority carrier selectivity, without the use of heavy majority carrier doping in the silicon to reflect minority carriers. Lower doping in the silicon lowers Auger recombination at the contact.
2) Less optical absorption in the TCO layer due to a higher bandgap than polysilicon and a-Si if used on the sunny-side surface of the cell. An index of refraction of n~2 for most TCOs may also be beneficial for antireflective coatings and photon management within the Si cell.
3) Lower processing temperatures, compared with polysilicon, [2, 6] , but higher processing temperatures than aSi contacts [1] . The former may help to preserve bulk wafer lifetime, while the latter may allow for more traditional inkbased contact processing and other passivated surfaces needing moderately high annealing steps (e.g. SiNx).
These advantages make TCO-based, passivating contacts worth exploring for high-efficiency solar cells. We will describe in this paper Si/SiO 2 /ITO passivating contacts to ntype wafer surfaces. We will then compare these contacts to the best reported Si/a-Si and Si/SiO 2 /pc-Si contacts by using an analytical model to optimize device efficiency and contact area fraction as a function of J 0,contact , ρ contact .
II. EXPERIMENT
To test Si/SiO 2 /ITO passivated contacts we first grew thick SiO 2 layers (~700 Å) on undiffused surfaces of n-type 1-10 Ohm-cm CZ wafers to test the passivation of the SiO 2 as a function of SiO 2 thickness. The SiO 2 layers were then thinned to less than 50 Å using a 2% HF etchant solution. The thickness of the SiO 2 layer was monitored by ellipsometry between etch times. After each thickness measurement, the wafers were also measured with a Sinton lifetime tester to extract the implied open circuit voltage (iV oc ) values. Fig. 2 shows how iV oc varies as a function of SiO 2 thickness. Note that iV oc does not start to be affected until the thickness of the SiO 2 is less than about 30-40Å. This is approximately the same thickness where tunneling becomes significant across the SiO 2 [7] .
We used a high-lifetime (1-10 Ohm-cm) single-side polished float zone (FZ) wafer to grow a Si/SiO 2 /ITO contact to an undoped n-type surface to simulate a back contact to an n-type solar cell. A thick SiO 2 layer (900 Å) was grown on both sides of the wafer at high temperatures to achieve excellent passivation. Fig. 3 shows the passivation quality (iV oc , J o ) of this wafer as a function of the process steps for forming the Si/SiO 2 /ITO passivated contact. The SiO 2 layers were both systematically thinned with the 2% HF solution followed by Sinton lifetime tester measurements to record the passivation quality (Fig. 3 , points 0-3 left-to-right). Once the SiO 2 layer achieved a thickness of less than 50 Å (measured by ellipsometry and confirmed by cross-sectional TEM), an 80 nm ITO layer was sputter deposited onto both sides of the wafer. The sputtering conditions were 5 mT of Ar and O 2 using a 13.56 MHz RF source on a 10% Sn doped indium oxide target, with the substrate held at approximately 200 ˚C. The passivation quality was severely decreased after the ITO deposition (Fig. 3 , point 4) presumably due to H effusion in the heated, vacuum sputtering environment or due to ion sputter damage of the SiO 2 layer and/or the SiO 2 /Si interface. The passivation was improved by annealing the sample in forming gas for 45 mins at 450 ˚C (Fig. 3, point 5) . A repeated forming gas anneal decreased the passivation quality slightly (Fig. 3, point 6 ). The final passivation quality was characterized by a J 0,contact of 95.5 fA/cm 2 (marked on Fig. 3 ) with an iV oc of 635 mV. For the undoped, n-surface the passivation quality (J 0,contact and iV oc ) was not fully restored after the ITO layer was deposited. This is in contrast to the same passivated contact formed onto an n+ surface, where the surface passivation was nearly the same before and after contact formation [8] . To obtain the contact resistance, we deposited a metal (Ti/Pd/Ag/Pd) TLM pattern onto the polished-side ITO layer using e-beam deposition. The ITO was then etched away between the contacts down to the SiO 2 layer to provide electrical isolation between the contacts. The contact was found to be Ohmic with a contact resistivity of 11.5 mOhmscm 2 . Overall, the ITO/SiO 2 contact to low doped n-c-Si surfaces showed excellent contact resistivity, but was about 10-20x higher in J 0,contact compared with a-Si/Si or pc-Si/SiO 2 passivated contacts, but more than over an order of magnitude better than a metal/Si contact [9] for the same wafer surface doping. Remarkably, our contact has just ~ 11 mOhmcm 2 resistivity at a tunneling SiO 2 thickness of 4.5 nm -more than 2x thicker than the optimum SiO 2 thickness for the Si/SiO 2 /n+poly Si contact (Ref [2] and Nemeth et al. this conference).
III. OPTIMIZED CONTACT AREA FOR PASSIVATED CONTACTS
As mentioned above, contacts can be characterized by their ability to passivate (J 0,contact ) and conduct (ρ contact ). This pair of contact parameters greatly influence high-efficiency devices and set optimum contact area fraction coverage. For solar cells, J 0_total and r series_total , along with an assumed J sc , fully describe the cell output characteristics (ignoring R shunt ). The efficiency is given by (1) where the fill factor, FF, is a function of r s_total , J 0_total and J sc through the Lambert W-Function [10] . Fig. 4 describes the many regions of a solar cell that individually contribute to J 0_total and r s_total . We define J 0_total by (2) where J 0_everything_else includes contributions from the emitter, front contacts and the bulk and Af is the contact area fraction. In a similar fashion r s_total is defined by (3) Substituting equations (2) and (3) into equation (1), the efficiency can be optimized as a function of J 0_back_contact and ρ _back_contact with respect to the back contact area fraction. Figs. 5 and 6 show iso-efficiency contours and optimum contact area contours as functions of J 0_back_contact and ρ _back_contact . J 0_back_surface = 1 fA/cm 2 which is a reasonably low value attainable by thermal SiO 2 passivation. For Fig. 5 the J sc , J 0_everything_else and r _everything_else were taken from the record V oc heterojunction with intrinsic thin-layer (HIT) cell developed by Panasonic [1] . The figure easily identifies the necessary passivation and contact resistivity needed for a given efficiency along with an optimized contact area fraction. Note that there is an upper limit to the contact resistivity that will give high-efficiency devices (~0.6 Ohm-cm 2 ). The blue diamond placed on Fig. 5 shows the J 0_back_contact and the ρ back_contact values of the Si/a-Si passivated contact for the HIT cell. Note that the diagram correctly predicts the efficiency of the 24.7% device and the necessity of the full area contact due to the relatively high contact resistivity. The ρ _back_contact of 0.2 Ohm-cm 2 would limit the optimized use of this contact in a very efficient interdigitated back contact configuration due to a high series resistance for a contact area fraction less than one. However, the increase in J sc may out-weigh the increased r series of the contact in an interdigitated cell architecture [11] . Fig. 6 shows a similar diagram as Fig. 5 but is calculated using the values of a selective emitter cell with a full area Si/SiO 2 /pc-Si passivated back contact [2] . The open red square in this diagram shows the placement of the contact along the area fraction contour equal to one, which correctly predicts an excellent efficiency of 23.7%. The contact developed in [2] actually has a much better contact resistivity than what is shown in Fig. 6 . The device modeled in Fig. 6 could actually increase in efficiency by decreasing the back contact area coverage to about 30% (aligning with the measured back contact resistivity ~9 mOhm-cm 2 ) and instead passivate the uncontacted back surface with a thick, high-temperature oxide (assumed to give a J 0_back_surface = 1 fA/cm 2 ). This highlights one of the utilities of this diagram.
We can use Fig. 6 to compare our Si/SiO 2 /ITO contacts with the Si/SiO 2 /pc-Si contacts if processed on a similar device. The green triangle on Fig. 6 indicates our best Si/SiO 2 /ITO contact and predicts an efficiency of 23.6% if our back contact was processed on the device from [2] . Because the contact resistivity of the Si/SiO 2 /ITO contact is about the same as the Si/SiO 2 /pc-Si contact in [2] and an NREL-developed lowtemperature Si/SiO 2 /pc-Si contact (blue circle) [8] , but has a higher J 0,contact value, the optimum contact area fraction coverage is about 10%-15%. Practically speaking an optimized full area contact would likely be the simplest and most cost effective back contact for mass production.
IV. DISCUSSION
We developed a passivated contact to n-type silicon using a layer stack of Si/SiO 2 /ITO/metal.
The contact is an improvement over metal/Si contacts in terms of passivation and the absence of wafer doping. The passivated contact provides an induced high-low junction in the wafer instead of a relying on a diffused junction for field passivation. However, the TCO passivated contact still lacks the singledigit recombination current prefactor (fA/cm 2 ) quality of other passivated contacts to date. The Si/SiO 2 /ITO contacts have excellent electrical contact resistivity to 1-10 Ohm-cm n-type silicon and may be of benefit to some low-temperature solar cell designs. Optically, there are advantages to having a contacting layer with an index of refraction of n~2 (ITO) compared with n~4 (pc-Si). However, if the contacts are in the back of the device, and the contacting layers are about 30 nm thick, there is little advantage to having ITO replace pc-Si due to the low absorption coefficient beyond 1000 nm in pcSi. Optical models for the Si/SiO 2 /ITO and Si/SiO 2 /pc-Si contacts using the Wafer Optics Calculator at PVlighthouse.com reveal similar parasitic absorption for both contacts amounting to less than 0.1 mA/cm 2 in the rear contacting films. However, the high bandgap and higher transparency of ITO in the shorter wavelength region of the solar spectrum make it a much better choice for a sunny-side contact and where the n~2 allows it to be an effective antireflective coating.
Much more experimentation is needed on the Si/SiO 2 /ITO contacts to better understand the nature of the passivation and the transport between the Si and ITO through the SiO 2 layer. Other TCOs like SnO:F or ZnO may offer benefits not afforded by ITO including more favorable band alignments and work functions, higher temperature processing, lower cost and gentler deposition techniques.
It is still an open question as to why the passivation quality decreases for SiO 2 layers less than 30 Å on a Si surface (Fig.  3) . One reason may be that defect levels at the SiO 2 /air interface begin to influence the recombination rate by allowing wave function overlap between states in the Si and defective states at the SiO 2 /air interface. SiO 2 mainly provides chemical passivation to a Si surface, as opposed to field passivation via fixed charge. If thinning of the SiO 2 layer removes the fixed charge, there should still be decent chemical passivation to the Si/SiO 2 interface. The chemical passivation of the Si/SiO 2 interface should not be disturbed due to the thinning of the SiO 2 unless removing the bulk of the SiO 2 layer relaxes the local bonding within the interfacial layer near the Si/SiO 2 interface [12] . A complete understanding of this interface must account for the fact that the surface passivation of thin SiO 2 can be nearly fully restored (to that of thick SiO 2 ) by placing a doped pc-Si (or a-Si) layer on top of the SiO 2 layer. This layer certainly provides some field passivation, but may also help to tie up dangling bonds at the SiO 2 /pc-Si interface by providing a hydrogen reservoir and/or allowing a beneficial high temperature anneal to heal the interface. These defects at the other side of the tunneling oxide from the Si wafer are still accessible to carrier recombination (though, to a lesser extent than at the SiO 2 /Si interface) through tunneling processes. The high-temperature anneal needed for excellent passivation with SiO 2 /pc-Si contacts may not be possible with some TCO layers due to complications with decomposition of the TCO. Further study of this interface and the SiO 2 /ITO interface is needed to guide further passivated contact developments.
The nature of the carrier transport through the SiO 2 "tunneling" layer is far from understood. Quantum tunneling is extremely thickness-dependent and one should observe huge variations in contact resistivity from samples with slightly varying oxide thicknesses. In fact, one would not expect our thick 4.5 nm thick SiO2 to be thin enough to allow tunneling. However, for this work, we do see very low contact resistances for the thick SiO 2 layer. Apparently, compositional and structural changes in the thick SiO 2 induced by possible Indium diffusion and/or other mechanisms are at work and are being investigated.
Finally, it is interesting to note that the band alignment between Si and ITO may not be favorable for excellent passivation, when compared with a Si/SiO 2 /pc-Si contact. The conduction band of ITO is quite low with respect to Si (see Fig. 1 ). The Fermi level can be raised deep into the conduction band of ITO with doping due to a low density of states in the conduction band (see ref [4] ). This high level of degeneracy aligns the Fermi levels of Si and the ITO, which allows transport across the thin oxide. However, the high degeneracy in the ITO also means that the carriers tunneling to the ITO from the Si find themselves in a state-rich energy region of the ITO, as opposed to a state-void energy region (bandgap) when tunneling to pc-Si. As noted in the previous paragraph, gap states on the other side of the tunneling oxide might still serve as recombination centers. Namely, the abundance of states near the Fermi level in the ITO may help explain why the passivation quality of the Si/SiO 2 /ITO contact is not as good as the Si/SiO 2 /pc-Si contact. Much more theoretical understand of this contact is needed to fully answer this question.
